Phosphatase and tensin homologue deleted from chromosome 10 (Pten) is expressed aberrantly in non-small cell lung cancer cells, but the role of Pten in lung neoplasia has not been fully elucidated. In this study, we used a genetic approach to inactivate Pten in the bronchial epithelium of mice. Although, by itself, Pten inactivation had no discernible effect on bronchial epithelial histology, it accelerated lung tumorigenesis initiated by oncogenic K-ras, causing more rapid lethality than that induced by oncogenic K-ras alone (8 weeks versus 24 weeks of median duration of survival, respectively). Lung tumors arose in K-ras mutant, Ptendeficient mice that rapidly obstructed bronchial lumina and replaced alveolar spaces. Relative to K-ras mutant tumors, the K-ras mutant, Pten-deficient tumors exhibited more advanced histologic severity and more prominent inflammation and vascularity. Thus, Pten inactivation cooperated with oncogenic K-ras in promoting lung tumorigenesis.
Introduction
A better understanding of the pathogenesis and risk factors for lung cancer, the most common cause of cancer-related death in Western countries, should contribute not only to improvements in the early detection and prevention of this disease but also to the development of more effective therapies for it. Approximately 30% of lung adenocarcinomas carry activating mutations in K-ras (1) . Studies have also identified K-ras mutations in atypical adenomatous hyperplasia (AAH) lesions, histologic changes that are thought to precede the development of lung adenocarcinoma (2) . A growing body of evidence indicates that K-ras mutations are important in the initiation of lung adenocarcinoma development. The introduction of mutant K-ras into immortalized human bronchial epithelial cells confers certain neoplastic features (3) . Mouse models that express mutant K-ras conditionally, somatically, or inducibly have been developed (4) (5) (6) (7) (8) . These mice develop lung lesions rapidly and with high penetrance. However, only a fraction of the lesions progress into adenocarcinomas and require several months to do so. Thus, findings from studies on cellular and mouse models suggest that mutant K-ras is sufficient to initiate but not to complete the development of lung adenocarcinomas.
In 1997, phosphatase and tensin homologue deleted from chromosome 10 (Pten) was identified as a tumor suppressor gene located on chromosome 10q23.3 (9) . It encodes a lipid phosphatase that functions in the phosphatidylinositol 3-kinase (PI3K) signaling cascade. Pten inactivation induces spontaneous tumors in mice, supporting its role as a tumor suppressor gene (10) (11) (12) (13) (14) . A broad spectrum of somatic Pten deletions in primary human tumors has been reported, including missense mutations, null mutations, and truncations (15) . In non-small cell lung cancer (NSCLC) biopsy samples and cell lines, Pten expression is frequently silenced because of Pten promoter methylation or binding of the nuclear factor-nB transcription factor, which suppresses Pten transcription (16) (17) (18) . Although they occur infrequently, inactivating Pten somatic mutations have been detected in NSCLC (16, 19) . Despite this evidence implicating aberrant Pten expression in NSCLC, its role in lung tumorigenesis has yet to be defined.
Tumorigenesis initiated by K-ras mutations can be promoted or suppressed by genetic events that activate PI3K-dependent signaling. In colorectal cancer, K-ras mutations coexist with activating mutations in PIK3CA (20) , which encodes the catalytic subunit of PI3K. Similarly, NSCLC cell lines that express no detectable PTEN frequently have K-ras mutations (1, 17) , suggesting that alteration in both genes confers a selective advantage in these cells. However, Ras and Pten mutations are mutually exclusive in other tumor types (21) (22) (23) (24) , suggesting that these events are genetically redundant and that alteration in both genes does not confer a further advantage or is in fact disadvantageous when these events occur together in the same cell. Findings from mouse model studies (21, 25) support the conclusion that these mutations have cooperative or antagonistic effects, depending upon tissue-specific factors.
Whether oncogenic K-ras mutations and Pten inactivation interact to promote or inhibit the development of NSCLC has not yet been defined, an important question given the frequency of these genetic events in NSCLC and the need for a better understanding of the mechanisms driving malignant progression in the bronchial epithelium. Using mouse models in which conditional oncogenic K-ras and Pten null alleles can be targeted specifically in the bronchial epithelium, we show here that, by itself, Pten inactivation had no discernible effect, but it accelerated lung neoplasia initiated by oncogenic K-ras. We concluded that Pten inactivation is a crucial event in the progression of K-ras-initiated lung tumorigenesis and that strategies to target PI3K-dependent signaling should be considered in the prevention and treatment of this disease.
Materials and Methods
Mouse experiments. All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee at The University of Texas M. D. Anderson Cancer Center. Kras LSL , Pten flox , and CCSP Cre strains were interbred to evaluate the effects of oncogenic K-ras and Pten loss alone and in combination in the lung. All of these mouse strains were on a C57/BL6 background.
Immunohistochemical analysis. Four-micrometer sections of mouse lung tissues were placed on coated slides. After deparaffinization and rehydration, antigen unmasking was performed using heat treatment with 1Â DAKO target retrieval solution (DAKO Corporation) for 15 min. Endogenous peroxidase activity was quenched using 10-min incubation in 3% diluted hydrogen peroxide. After blocking of nonspecific binding for 20 min with DAKO serum-free protein block (DAKO Corporation), the sections were incubated overnight at 4jC with the primary antibodies against factor VIII (rabbit; DAKO Corporation) at a dilution of 1:700, PTEN (Cell Signaling Technologies) at a dilution of 1:100, phosphorylated p70 S6R-Ser235/236 (rabbit; Cell Signaling Technologies) at a dilution of 1:100, p40 (rat; Serotec) at a dilution of 1:50, F4/80 (rat; Serotec) at a dilution of 1:50, and pan-cytokeratin (clone MNF116; DAKO) at a dilution of 1:100. After washing with PBS, slides were incubated with a biotin-labeled secondary antibody (antirabbit and antirat) for 30 min at a dilution of 1:300. Primary antibody binding was localized in tissues using peroxidase-conjugated streptavidin (DAKO Corporation). After staining with 3 ¶,3-diaminobenzidine tetrahydrochloride, the slides were counterstained with hematoxylin, dehydrated, and mounted. Negative controls included omission of the primary antibody and preincubation of the primary antibody with a blocking peptide.
For evaluation of the immunohistochemical expression of cell markers, two trained pathologists (G.R. and I.I.W.) independently quantified expression. Factor VIII, p40, and F4/80 staining expression were quantified according to the number of positive cells in a 1-mm 2 area within the lesions. Immunofluorescence analysis. Antigens were retrieved with 0.01 mol/L citrate buffer (pH 6; DakoCytomation) for 25 min in a steamer. The slides were quenched in 1.5% hydrogen peroxide in TBS for 10 min and blocked in DAKO serum-free protein block (DakoCytomation) for 1 h at room temperature. Subsequently, the slides were incubated with anti-surfactant protein C (SPC; Seven Hills Bioreagents, WRAB-SPC, 1:1,200), anti-clara cell-specific protein (CCSP; Upstate Biotechnology, 07-623, 1:3,000), or anti-PTEN (Santa Cruz, 1:100) at 4jC overnight. The immunofluorescence was developed using TSA kits 25 and 22 (Invitrogen) based on the manufacturer's instructions. As negative controls to determine the specificity of the immunostaining results, we used blocking peptides and omitted the primary antibodies.
For detection of mucin glycoproteins, tissues were stained using procedure periodic acid-Schiff (PAS) staining. Briefly, slides were dewaxed, rehydrated, and oxidized in periodic acid (1% w/v in double-distilled water; Sigma). After washing, slides were stained with a modified Schiff 's reagent in which pararosaniline (basic fuchsin) is substituted by acriflavine. Slides were washed, dehydrated in graded ethanol solutions, air dried, and coverslipped with Canada balsam mounting medium (50% Canada balsam resin, 50% methyl salicylate; Fisher Chemicals). PAS-stained slides were imaged on an Olympus IX-81 fully automated inverted microscope fitted with excitation and emission filter wheels, a Xe-arc lamp, a Hamamatsu ORCAII BT 1024 camera, and an Olympus spinning disc unit to allow for confocal imaging. PAS-stained images were acquired with fluorescence using a single-excitation, double-emission filter combination (490/531,628; Ex/Em green ,Em red ). Data acquisition and image processing were performed using ImagePro Plus 4.1.5 (Media Cybernetics). Using this method, mucin granules appear red and cytoplasmic and nuclear compartments appear green.
Transcriptional profiling. Five micrograms of total RNA extracted from whole mouse lungs were reverse-transcribed in a 20-AL reaction with 200 units of SuperScript II (Invitrogen) and 100 pmol of T7-(dT) 24 primer (5 ¶-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGC GG-(dT)24-3 ¶) in 1Â first-strand buffer (Invitrogen) at 42jC for 1 h. The second-strand synthesis was performed at 16jC for 2 h in the presence of Escherichia coli enzymes, DNA polymerase I (40 units), DNA ligase (10 units), RNase H (2 units), and 1Â second-strand buffer (Invitrogen). Double-stranded cDNA was blunt-ended using 20 units of T4 DNA polymerase, purified using phenol/chloroform extraction, and transcribed in the absence of biotinlabeled ribonucleotides, resulting in unlabeled cRNA, which was then used as the starting material for the second cycle of PCR. In the second cycle, the first and second cDNA strands were synthesized as described above. The second transcription was performed in the presence of biotin-labeled ribonucleotides, resulting in labeled cRNA. The cRNA was fragmented as described above and added to the hybridization cocktail. The Affymetrix GeneChip system (Affymetrix) was used for hybridization, staining, and imaging of the probe arrays. Hybridization cocktails of 300 AL each containing 15 Ag of fragmented cRNA and exogenous hybridization controls were prepared and hybridized to Affymetrix Mouse Genome 430 2.0 GeneChips overnight at 42jC. Hybridized fragments were detected using streptavidin linked to phycoerythrin (Molecular Probes). GeneChips were scanned and imaged using the Affymetrix Gene Chip Operating System (version 1.4.0.036).
Estimated gene expression values were log-transformed. Two-sample t tests were performed as criteria for determining significant differences in mean gene mRNA levels between groups of samples. Fold changes in expression between groups (test versus control, for which we used Pten f/f ;CCSP +/+ mice) were estimated by determining the ratio of the average of the (nonlogged) expression values in the test group with that in the control. Supervised clustering analysis of differentially expressed genes was carried out as follows: (a) each pattern of interest (e.g., genes whose expression was increased or repressed in Pten
D5/D5
;Kras Lox/+ ;CCSP Cre/+ mice compared with controls) was represented as a series of 1s and À1s; (b) for each gene, the Pearson correlation coefficient was computed for its expression values and each of the predefined patterns; (c) the pattern that best correlated with the expression of each gene was determined; and (d) genes were manually sorted according to the patterns assigned to them. Expression values were visualized as color maps using the Cluster and Java TreeView software programs (26, 27) . For color map display, the logs of the expression intensity values were first centered on the centroid means of the values in the four experimental groups.
Quantitative PCR. Quantitative PCR was performed using the SYBRGreen-based system to quantify the expression of selected genes found to be differentially expressed in the gene expression arrays. For this, 2 Ag of RNA were converted to cDNA, which was then subjected to PCR using primers designed by using Primer Express (Applied Biosystems). Primer sequences were as follows: Arg1 F 5 ¶-CACTCCCCTGACAACCAGCT-3, 5 ¶-AAGGACACAGGTTGCCCATG-3; IGFtv1 5 ¶-ACTATATCTCCTAGTCCCT-GCCTCTAAAG-3 ¶, 5 ¶-CAACATCCATGCATTTTCGG-3 ¶; PCDH21 5 ¶-CTG-ACGGTGGTTGCCATAGA-3, 5 ¶-GAGGATGTGGTTGGGTTTGC-3 ¶; DMBT1 5-CATGCAAGCCAGCGTGAG-3 ¶, 5 ¶-GCAGAATAGCCCATGGACTGA; Adamdec 5 ¶-CCTGGGACTTCTCGGCTACC-3 ¶; 5 ¶-AAGCAGGACCCAAGACAT-GC-3 ¶. The cDNA (7 AL per sample) was amplified using SYBR Green PCR Mater Mix (Applied Biosytems) according to manufacturer's instructions. PCR amplification was performed (95jC for 15 s and 60jC for 15 s for 40 cycles). Afterwards, two additional cycles were performed to generate a dissociation curve, which was used to verify whether the signal generated was from a single target amplicon or other nonspecific templates, such as primer dimers or contaminating genomic DNA. Serially diluted cDNA (1:1,000) samples were amplified to measure the efficiencies of PCR and to draw the standard curve for each sample, which was used to calculate relative concentrations of target message. The PCR products and their dissociation curves were detected using the 7500 Fast Real-Time PCR System (Applied Biosystems). The level of L32 in each sample was used as an internal control. The values were expressed relative to the levels of internal control and compared between mouse genotypes by performing t tests. 9 PCR analysis of Pten D5/D5 ;CCSP Cre/+ mice showed that recombination of the conditional Pten allele was specific to the lung with no leakage to other tissues (Fig. 1) . Clara cells expressed PTEN as shown by the colocalization of CCSP and PTEN in control (Pten D5/D5 ;CCSP +/+ ) mice (Fig. 2) . PTEN was not detectable in clara cells after Cre-induced recombination based on the fact that CCSP and PTEN did not colocalize in Pten D5/D5 ;CCSP Cre/+ mice ( Fig. 2) . Pten D5/D5 ;CCSP Cre/+ mice were viable, exhibited no outward phenotypic abnormalities, and remained healthy throughout the course of the study (up to 12 months). At the time of autopsy, their lung weights were similar to those of control mice and their bronchial epithelium was histologically normal (n = 18; data not shown). We concluded that CCSP Cre -driven Pten deficiency was not sufficient to initiate lung tumorigenesis. CCSP Cre -driven oncogenic K-ras expression induces lung lesions. To activate oncogenic K-ras expression in clara cells, CCSP Cre/+ mice were interbred with LSL-Kras G12D/+ mice, in which the expression of oncogenic K-ras is controlled by a removable transcription termination STOP element (6) . DNA from lung tissues obtained from K-ras Lox/+ ;CCSP Cre/+ mice showed recombination of the LSL-K-ras G12D allele ( Supplementary Fig. S1 , lane 4). The median survival duration in the K-ras Lox/+ ; CCSP Cre/+ mice was 24 weeks (n = 16). To examine lung histologic changes, K-ras Lox/+ ;CCSP Cre/+ mice (n = 17) were sacrificed at ages 4 to 12 weeks, and the lung lesions were characterized using standardized criteria (29) . Lesions were first detected microscopically at 12 weeks of age and included multifocal lesions in alveoli and bronchioles, including atypical AAH lesions and adenomas (solid or papillary; Fig. 3A-C) . A distinct epithelial lesion, termed atypical papillary bronchiolar proliferation (APBP), that had papillary proliferations of the bronchiolar epithelium located predominantly at the bronchiolar terminal site was observed and composed of columnar epithelial monomorphous or mildly atypical cells and a central fibrovascular core, which was most common in the larger papillary structures ( Fig. 3D and E) . Fig. S1 , lane 6). Although initially healthy, by 2 months of age they began to exhibit weight loss and tachypnea. Their median duration of survival was 8 weeks (n = 13; Fig. 4A ).
Results

Conditional mouse model of
At autopsy, the lungs of Pten ;CCSP Cre/+ mice. These mice had extensive papillary proliferation throughout the bronchial and bronchiolar airways, with multiple large papillae and a dense fibrotic core occluding the lumina of the airways (Fig. 3E and F) . Another distinct type of epithelial lesion, the bronchioloalveolar cell carcinoma (BAC)-like lesion, was characterized by a proliferation of cells with a cylindrical or cubic appearance, mild nuclear atypia, and cytoplasm filled with mucinous material, which grew along the alveolar septae (Fig. 3G) . These tumors expressed cytokeratin (data not shown), supporting their epithelial origin, and were PAS-positive, indicating the presence of mucin, whereas PAS staining was less prominent in tumors from Kras Lox/+ ;CCSP Cre/+ mice ( Supplementary  Fig. S2 ). Their appearance mimicked the growth pattern of human mucinous BAC, a subtype of lung adenocarcinoma. Another mouse had two lung adenocarcinomas, characterized by two separate nodules that were 7 and 8 mm in diameter, respectively, and consisted of malignant epithelial cells with a high grade of cytologic atypia and increased frequency of mitoses (some of them atypical), with solid, acinar, and papillary patterns of growth and invasive features (Fig. 3H) mice. Bronchial and alveolar tumors have distinct phenotypes. Both of the tumor-bearing genotypes developed tumors in the alveolar and bronchial compartments. In some mice, bronchial tumors were adjacent to alveolar tumors, raising the possibility 9 Li et al., manuscript submitted. ). We conclude that the mice in this study developed phenotypically distinct tumors, exhibiting bronchial or alveolar epithelial markers.
Pten inactivation increases intratumoral vascularity and inflammation. In the K-ras/Pten mutant tumors in our study, PTEN was undetectable whereas Ser 235/236 -phosphorylated S6 ribosomal protein was highly expressed (Supplementary Fig. S3A-D) , which is consistent with unrestrained PI3K activation. One consequence of PI3K activation in cells transformed by oncogenic Ras is increased expression of chemokines that lead to intratumoral inflammation and angiogenesis, which, in turn, promotes tumor cell proliferation (30) (31) (32) (33) (34) (35) (36) . We postulated that Pten deletion enhances the infiltration of these cell types into tumors and tested Table S2 ), indicating that Pten inactivation was associated with an influx of neutrophils and endothelial cells in this particular lesion. Comparing lesions at different stages of malignant progression within the K-ras/Pten mutant lungs revealed that neutrophils and endothelial cells were more frequent in BAC-like lesions than they were in APBP lesions (Supplementary Table S2 ), indicating that the infiltration of these cell types increased with malignant progression. In contrast, the infiltration of macrophages decreased sharply with malignant progression in Pten Table 2 ), indicating that the effects of Pten inactivation on the tumor microenvironment were cell type specific. ;CCSP Cre/+ ). Representative bronchi are shown in longitudinal sections and cross-sections. H&E stains illustrate the bronchial histology.
Pten inactivation enriches the lungs in genes encoding growth factors and chemokines. Findings from these models indicated that Pten inactivation accelerated K-ras-initiated malignant progression in the lung and enhanced intratumoral inflammation and vascularity. Based on these findings, we hypothesized that oncogenic K-ras-induced lung tumorigenesis is driven in part by a host response to the presence of transformed alveolar epithelial cells. These cells secrete chemokines that recruit host inflammatory cells, fibroblasts, and endothelial cells, which, in turn, secrete chemokines and growth factors that promote epithelial cell expansion, thereby accelerating tumorigenesis (37) . As a first step toward identifying the peptides that might be involved in this process, we examined gene expression in whole lung tissues (containing tumor and surrounding normal lung), recognizing that the critical peptides could be derived from any or all of these cell types.
We transcriptionally profiled RNA from lung tissue samples from the two tumor-bearing genotypes (Pten ;CCSP Cre/+ and Pten flox/flox ;CCSP +/+ ) sacrificed at 8 weeks of age. Using specific criteria (at least 2-fold increase or decrease relative to that of the control group; P < 0.01), a total of 1,167 genes that were differentially expressed due to Pten inactivation, Kras mutation, or both were identified. Supervised clustering analysis of these 1,167 transcripts was then performed against a set of predefined expression patterns of interest to identify clusters of coexpressed genes in each of the four genotypes (Fig. 6 ). Four major clusters of genes were identified: genes highly expressed in the K-ras/Pten mutant samples relative to their expression in the other three genotypes (cluster 1), genes expressed at a reduced level in the K-ras/Pten-mutant samples relative to their expression in the other three genotypes (cluster 2), genes highly expressed in both the K-ras/PTEN mutant and K-ras mutant/Pten wild-type samples relative to their expression in the other two genotypes (cluster 3), and genes expressed at a reduced level in both the K-ras/PTEN mutant and K-ras mutant/Pten wild-type samples relative to their expression in the other two genotypes (cluster 4). The genes in these four clusters are listed in Supplementary Table S3 . Among the genes in cluster 1, quantitative PCR was performed on five of these, four of which (Arg1, Pcdh21, Dmbt1, and Igf1) were confirmed to be differentially expressed in Pten D5/D5 ;Kras Lox/+ ;CCSP Cre/+ mice ( Supplementary Fig. S4A ), validating the accuracy of the array results.
Of potential relevance to the tumor phenotypes in Pten D5/D5 ; Kras Lox/+ ;CCSP Cre/+ mice were genes in cluster 1 that encode a growth factor (Pdgfc), a growth factor receptor (Ret), a cysteine protease (Cstb), a proligand protease (Adam19), chemokines/ cytokines (Ccl9, CXCL2, Il1, and Mif ), a chemokine receptor (Ccr1), and other inflammation-associated genes (Arg1, Spp1, and Kng1). CXCL2 is a CXCR2 ligand secreted by tumor cells that recruits inflammatory cells and endothelial cells and has been shown to promote lung tumorigenesis in mice and humans (31, 32, 34) . Arg-1 encodes arginine-1, an enzyme involved in L-arginine metabolism, and is considered a relatively specific marker of M2 murine macrophages. M2 macrophages (also called tumor-associated macrophages) have been implicated in tumor promotion through their secretion of protumorigenic growth factors and cytokines (37) . Immunohistochemical analysis of arginine-1 revealed localization of this protein to the macrophages infiltrating and surrounding tumors in Pten 
Discussion
During the process of lung tumorigenesis, normal lung epithelium progresses to carcinoma in a stepwise fashion, evolving through histologic intermediates and accumulating genetic and epigenetic changes, which is the basis for the premise that lung tumorigenesis is a multistep, stochastic process, a hypothesis that
has not yet been rigorously tested. Here, we report that loss of the Pten tumor suppressor gene is a critical secondary event in a mouse model of lung tumorigenesis. Although PTEN expression has, to our knowledge, not been reported on in premalignant lung lesions isolated from patients, PI3K-dependent signaling is frequently activated in bronchial premalignancy as shown by immunohistochemical studies of AKT phosphorylation in bronchial dysplasia (38) . Thus, studies from both mouse and human models indicate the relevance of PI3K activation as an early event that drives malignant progression in the lung. These findings support the multistep hypothesis and provide a rationale for investigating the efficacy of strategies targeting the PI3K-dependent pathway in the prevention and treatment of NSCLC.
In contrast to its potency in combination with oncogenic K-ras, Pten inactivation in clara cells, by itself, had no apparent effect on the lung. However, the lung contains multiple epithelial cell types, and we have not excluded the possibility that epithelial cell types, other than clara cells, are sensitive to transformation by Pten loss nor have we excluded the possibility that lung tumors would occur if Pten inactivation were studied on a genetic background other than C57/BL6 that is more susceptible to lung tumorigenesis. Regardless, these findings differ quite strikingly from the effect of Pten inactivation in other tissue types, including, among others, the prostate, breast, kidney, brain, and ovary (15) . Emblematic of its tumor suppressive effect, Pten inactivation in the prostate initiates tumorigenesis in a gene dosage-dependent fashion, requiring loss of both Pten alleles in the prostate epithelium to induce invasive prostate cancer with complete penetrance (39) . The absence of tumors in Pten-deficient mice in this study and the long latency of tumors (6 months) in the setting of complete Pten loss in the prostate suggest that additional genetic events are required for carcinoma development. Indeed, PTEN maintains genomic integrity through multiple mechanisms, and Pten-deficient cells are highly prone to centromere breakage, chromosomal translocations, and DNA double-strand breaks (40, 41) , which are consistent with the conclusion that Pten inactivation drives tumorigenesis in part through increased susceptibility to genomic damage.
Findings presented here and elsewhere (7) show that CCSPdriven expression of oncogenic K-ras rapidly induces lung lesions, indicating its potency as an initiating event in lung tumorigenesis.
Researchers have developed at least five oncogenic K-ras-driven mouse models of lung cancer, including models that express the oncogene inducibly, conditionally, or somatically (4) (5) (6) (7) (8) 42) . In the conditional models, the LSL-Kras G12D allele is activated by adenoviral Cre delivered intranasally or by interbreeding the mice with transgenic mice that express Cre driven by CCSP or cytomegalovirus promoter fragments (5) (6) (7) 42) . Unlike the findings in Kras Lox/+ ;CCSP Cre mice reported in our study, lung adenocarcinomas develop in the other K-ras-driven models. The reasons for this difference are unclear, but possibilities include differences in the genetic backgrounds of the strains involved, the levels or cell type specificity of Cre expression in the conditional models, and the pathologic criteria used for the diagnosis of adenocarcinoma. Regardless, the fact that lung adenocarcinomas were not detected in Kras Lox/+ ;CCSP Cre mice and were slow to develop in the other models provides substantial evidence that additional genetic events are required for adenocarcinoma development.
Previous studies in oncogene-transformed cells have uncovered a biochemical barrier to malignant progression that is of potential relevance to the mouse models in this study. Premalignant lesions induced by oncogenic K-ras or other oncogenes typically undergo a transient proliferation followed by programmed senescence, and only a minority of premalignant lesions persists and progresses to a fully transformed state (43) (44) (45) (46) . Consistent with these findings, none of the lung lesions in Kras Lox/+ ;CCSP Cre mice progressed into lung adenocarcinomas within the timeframe of this study. The programmed senescence that follows Ras-induced transformation is mediated by a negative feedback loop that suppresses PI3K, an effect regulated in part by RasGAPs, RasGEFs, Sprouty proteins, and MKPs (47) . Although findings in Pten D5/D5 ;Kras Lox/+ ;CCSP Cre/+ mice indicate that Pten inactivation promoted the development and malignant progression of lung lesions (AAH, adenomas, and APBP), the noncarcinomatous lesions (AAH, adenomas, and APBP) vastly outnumbered the carcinomas (BAC-like lesions and adenocarcinomas), suggesting that, by itself, PI3K activation was not sufficient to overcome the barriers that block the progression of premalignant lesions and that other factors were required for carcinoma development. We explored the possibility that the carcinomas arose in this model in part through epithelial cell nonautonomous mechanisms. These are crucial factors in the malignant progression of both murine and human lung cancer models (30, 33-35, 48, 49) . We found that the tumor microenvironment in Pten D5/D5 ;Kras Lox/+ ;CCSP Cre/+ mice was enriched in endothelial cells and inflammatory cells and that the lungs of these mice expressed high levels of chemokines and growth factors. Of particular interest in this regard was the high expression of CXCL2 and MIF, which are CXCR2 ligands (50, 51) . The ability of Pten inactivation to increase CXCL2 expression is consistent with the evidence that CXCL8, the human functional homologue of CXCL2, is a transcriptional target of Ras, which increases CXCL8 expression in part through activation of PI3K (30) . The lung lesions in Kras LA1 mice, which develop lung adenocarcinomas because of somatic activation of mutant K-ras (8), express CXCL2, are infiltrated with neutrophils and endothelial cells, and regress in response to CXCR2 neutralization, an effect mediated in part by apoptosis of intratumoral endothelial cells (34) . Thus, the high expression of CXCR2 ligands may contribute to the enhanced vascularity, inflammation, and accelerated progression of lung lesions in Pten D5/D5 ;Kras Lox/+ ;CCSP Cre/+ mice. In summary, we have created a mouse model that develops lung adenocarcinoma due to the combined effects of oncogenic K-ras expression and Pten inactivation. This mouse model may be of value in screening PI3K inhibitors, as well as other novel therapeutic agents and drug combinations, before initiating human clinical trials and provides a platform on which to study mechanisms of cross-talk between K-ras-dependent and PTEN-dependent signaling pathways to better understand how these pathways promote lung tumorigenesis.
